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Flavins -tricyclic aza-aromatic compounds -occur widely in Nature and perform a variety of biological functions, many of which involve electron transfer. 1 Attention has recently focussed on the flavoprotein cryptochrome which has been proposed as the primary sensory molecule by which migratory birds detect the direction of the Earth's magnetic field. [2] [3] [4] [5] Blue-light excitation of the flavin adenine dinucleotide (FAD) chromophore in cryptochrome is thought to trigger intra-protein electron transfers along a triad of tryptophan (Trp) residues to give a stabilised, charge-separated FAD-Trp radical pair. [6] [7] [8] [9] Transient absorption studies 10 have shown that coherent interconversion of the electronic singlet and triplet states of the radical pair gives rise to long lived states of the protein whose quantum yields can be modified by applied magnetic fields via the well-established radical pair mechanism. 11, 12 Studies of the magnetic sensitivity of cryptochromes are currently constrained by the relatively high protein concentrations and large sample volumes required for absorption-based spectroscopy and by the photo-degradation caused by the intense laser pulses often needed for such measurements. 13, 14 Cryptochromes -in particular the vertebrate proteins -are difficult to express recombinantly in large quantities and tend to aggregate in concentrated solution. Further in vitro studies of their magnetic responses will require a detection method compatible with much smaller quantities of protein, the obvious choice being fluorescence.
Fluorescence has been used extensively to monitor magnetic field effects (MFEs) on the photochemistry of small organic radicals. In appropriate, usually non-aqueous, solvents singlet but not triplet radical pairs can often recombine to form an exciplex whose fluorescence provides a convenient and sensitive probe of the magnetic response. [15] [16] [17] [18] Effective though such an approach has proved, it is manifestly inapplicable when the radical pair cannot recombine to form a luminescent state. Many radical pairs, including flavin-Trp, do not form excited molecular complexes and cryptochromes have no other electronically excited states that can be populated from the FAD-Trp radical pair.
However, flavins do have fluorescent excited states that can be exploited as MFE probes. For cyclic photochemical reactions under conditions of continuous illumination, the fluorescence intensity reflects the steady state concentration of ground state flavin, which in turn depends on the concentrations of long-lived radical intermediates in the photocycle. If all other species are short lived and thus present in low concentrations, any increase in the steady state concentration of long lived radicals must be balanced by a corresponding decrease in the concentration of the flavin ground state and therefore in the fluorescence. Prompt emission arising from photo-excitation of the ground state is thus an alternative means of studying the effects of applied magnetic fields.
We report here a new method for studying MFEs on flavin photoreactions using total internal reflection fluorescence (TIRF) microscopy. 19 The advantages include the ability to detect signal from a small area (30 m  30 m) of a thin layer of solution (100 nm) and the opportunity to use much smaller quantities of precious samples. Moving to microscopy-based fluorescence 2 | J. Name., 2012, 00, 1-3
This version is © C.J. Wedge 2015 measurements will also be crucial for attempts to measure MFEs on single molecules. To determine whether cryptochromes display the properties expected of biological compass sensors, it will be necessary to characterise their directional responses to weak external magnetic fields. Such an advance is likely to exploit measurements on surface-immobilized single molecules, avoiding the need for bulk alignment of a protein sample.
In this preliminary communication, we report TIRF measurements of MFEs on both flavin-adenine and flavin-Trp radical pairs formed, respectively, by intra-and intermolecular electron transfer reactions of photo-excited triplet FAD. 20, 21 The fluorescence of FAD-Trp solutions at low pH, generated by a 473 nm continuous-wave laser, was monitored by TIRF microscopy (Fig. 1a ) in the presence of a square-wave modulated static magnetic field. Fluorescence was detected from a 100 fL volume of solution (see Materials and Methods, ESI † for details). The switched magnetic field produced a clear stepwise modulation of the fluorescence (Fig.  1b ) with a significant reduction in the emission at the beginning, and a comparable increase at the end, of each field pulse. This is as expected for a triplet-born radical pair: the Zeeman interaction of the electron spins in the radical pair isolates the T +1 and T 1 triplet states from the T 0 triplet and S (singlet) states and so inhibits the formation of singlet radical pairs and therefore, also, the return to the ground state. 20 Similar fluorescence-detected MFEs were observed for FAD in the absence of Trp, but not for controls containing flavin mononucleotide (FMN), which does not contain the adenine electron donor (Fig. 1c ), or fluorescein or Alexa Fluor ® 488 which would not be expected to show a MFE ( Fig. S1 , ESI †).
Magnetic field effects were quantified by means of the parameter mfe F = [F(0) -F(B 0 )]/F(0) (see ESI † for details). F(B 0 ) and F(0) are the fluorescence intensities during the periods when the magnetic field is, respectively, present (at strength B 0 ) and absent (black and red sections of Fig. 1b ) . This fractional MFE increased with B 0 , tending to level out, as expected, 20 when the applied field exceeded the effective hyperfine interaction of the radical pair ( Fig. 1d ). As the Trp concentration was increased in the range 0300 μM, mfe F rose from 1% to 6% and fell back to 2% at 2 mM (Fig. 1e ).
The field-induced changes in FAD fluorescence were observed on a background of steadily decreasing overall fluorescence (Fig. 1b ). This decay was also observed for FMN ( Fig. 1c ) and fluorescein (Fig. S1, ESI †) and is attributed, at least in part, to photobleaching.
To validate our TIRF approach and to gain more mechanistic information, we studied the same FAD-Trp solutions by transient absorption in order to distinguish the various states of the reactants and their kinetics. The neutral, protonated flavin radical, FADH  , is characterised by a broad absorption in the range 500-600 nm overlapping that of the Trp cation radical (Trp + ); the absorption of the excited triplet flavin, 3 FAD, extends to longer wavelengths, 500-700 nm ( Fig. S2 , ESI †). FAD itself absorbs at wavelengths below 500 nm and Trp is transparent at wavelengths above 300 nm. 22 The transient absorption signals of FAD-Trp solutions monitored at 580 nm (where Trp + , FADH  and 3 FAD have comparable extinctions) showed a biphasic decay with the lifetime of the slow component increasing significantly in the presence of Trp (Fig. 2a) . The time-dependent absorption at 650 nm, where 3 FAD is the dominant contributor, was also biphasic (Fig. 2b ). In the absence of Trp, the signals at the two wavelengths (red traces in Figs 2a & b) are very similar and differ only in amplitude, reflecting the wavelengthdependence of the extinction coefficients. This indicates that the decay of 3 FAD in the absence of Trp also dominates the 580 nm signal in agreement with Murakami et al. 21 In the presence of Trp, the absorbance at 650 nm was rapidly quenched (Fig. 2b ) and the amplitude of the slow phase observed at 580 nm increased ( Fig. 2a ). We therefore assign the slow decay at 580 nm to long lived FADH  and/or Trp + radicals formed by 3 FAD + Trp reaction.
MFE time-profiles were calculated as the change in the transient absorbance produced by an applied magnetic field: ΔΔA = ΔA(B 0 )  ΔA(0). ΔΔA 540-600 data for B 0 = 200 mT, averaged over the wavelength range 540600 nm, showed a fast component at Trp concentrations below 0.1 mM and a much slower component at higher concentrations ( Fig. 2c and Fig. S3 , ESI †). At longer wavelengths (630710 nm) the fast component dominated and its amplitude and lifetime decreased markedly with increasing Trp concentration (Fig .2d ). The MFE detected by absorption is positive, i.e. ΔA(B 0 ) > ΔA(0), consistent with the negative effect observed by fluorescence, F(B 0 ) < F(0).
ΔΔA 630-710 is dominated by magnetically sensitive changes in the population of 3 FAD while ΔΔA 540-600 monitors FADH  and Trp + as well as 3 FAD. In the absence of Trp (red traces, Fig. 2c and d) , 3 FAD is, once again, the major contributor to the signals at both wavelengths. The changes brought about by the addition of Trp are attributed to the reaction of 3 FAD with Trp to form long lived FADH  and Trp + radicals (slow components in Fig. 2c and Fig. S3 , ESI †). The transient absorption measurements summarized in Fig. 2a -d enable us to extend the previously published FAD photocycle 21 to include the FAD + Trp reaction ( Fig. 2e ). Blue-light illumination of ground state FAD produces the excited singlet state which either fluoresces or intersystem crosses to 3 FAD. Electron transfer from the adenine to the isoalloxazine of FAD in 3 FAD forms a geminate triplet flavin-adenine radical pair which undergoes magnetically sensitive triplet  singlet interconversion. The rapid reversibility of the electron transfer step is indicated by the MFE on 3 FAD as observed previously. 21 Reverse electron transfer in the singlet state of the flavin-adenine radical pair provides a return route to ground state FAD. Additionally, 3 FAD can be quenched by Trp to form an intermolecular radical pair whose constituents (FADH  and Trp + ) either undergo reverse electron transfer or diffuse apart to form the long lived free radicals that are responsible for the slow transient absorption components in Figs 2a and c. Due to the fast interconversion between 3 FAD and the flavin-adenine radical pair, we cannot exclude the possibility that Trp reacts with the pre-existing intramolecular radical pair as well as with the triplet flavin.
As argued above, for a photocycle of the type shown in Fig. 2e , any field-induced increase in the steady state concentration of the long lived radicals is matched by a corresponding decrease in the concentration of the ground state molecules. This point can be seen clearly by comparing Figs 3a and c which show, respectively, ΔA(B 0 )  ΔA(0) and F(0)  F(B 0 ). Both absorption-and fluorescencedetected MFEs show the same trend with increasing Trp concentration. Similarly, the increase in the yield of long lived radicals observed by transient absorption (Fig. 3b) is complemented by a decrease in the ground state concentration observed by fluorescence ( Fig. 3d ). We have demonstrated for the first time that MFEs can be measured by TIRF microscopy and that flavin fluorescence probes the same magnetically-sensitive reaction steps as optical absorption of the transient radical intermediates. Fluorescence measurements are highly sensitive and thus suitable for much lower concentrations than absorption-based techniques, making them attractive for samples that are prone to concentration-dependent aggregation. By using an inverted microscope with a high numerical aperture objective and TIR illumination we have reduced the volume probed to 100 fL. Together, these developments reduce the total sample requirement by several orders of magnitude, opening the possibility of measuring MFEs on samples for which low yields or concentrations previously 
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MATERIALS AND METHODS
Buffers
All measurements were made in citric acid-phosphate buffer (pH 2.3, 12 mM Na 2 HPO 4 and 94 mM citric acid).
Microscopy
Solutions for measurement were placed in tunnel slides made from two perpendicular coverslips separated by a single layer of double sided tape (total sample volume ~30 μL). The sample was excited through a 60 oil-immersion 1.45 N.A. TIRF objective on a Nikon TE-2000 inverted microscope using a 473 nm laser reflected by a dichroic filter (Semrock Brightline FF497-Di03), giving a <100 fL probe volume. Fluorescence transmitted through the dichroic filter was passed through an emission filter (Semrock Brightline 550/88) before fluorescence detection using an Andor iXon+ electron-multiplying CCD camera (emCCD, gain: 300) ( Fig. 1a) . Illumination intensity at the sample was 0.5 kW cm 2 neglecting losses inside the microscope body and optics. Both camera firing and magnetic field switching were controlled by the output of a Quantum Composers 9520 pulse generator to ensure complete synchrony. The magnetic field was switched (on or off) every ten camera frames (102.4 ms) for the duration of recording (usually 1000 frames).
Calibration and determination of the rise time of the solenoid
Magnetic fields were generated using a solenoid wound around a 3 mm diameter ferrite core and fixed into a non-metallic mount using epoxy resin. A custom-built power supply drove the solenoid at an input frequency of up to 2 kHz and provided a maximum field strength at the tip of the Author's Post Print -2 -solenoid of over 27 mT. Calibration of the solenoid was performed using a gaussmeter based upon a Hall effect probe with 3 μs rise time (Honeywell SS94A). The rise time of the magnetic field generated by the solenoid was found to be less than 70 μs at the maximum achievable field strength.
The solenoid assembly was attached via a cantilever to a micrometer-resolution 3-axis translation stage mounted securely on the body of the inverted microscope. This arrangement allowed the solenoid position relative to the microscope objective to be reproducibly controlled, while an independent 2-axis translation stage was used to adjust the horizontal position of the sample. To centre the solenoid over the objective, coarse calibration was performed using bright-field microscopy images of the solenoid, followed by a magnetic field mapping experiment in which the MFE measured in a TIRF experiment was plotted against micrometer position to determine the centre field in the horizontal plane. All further MFE experiments were performed with the solenoid centred relative to the objective lens.
Fluorescence data processing
Camera frames (one every 10.24 ms) were separated according to the presence or absence of magnetic field, and the mean pixel intensity across each frame determined to give a single data point per frame. In order to ensure that data collected at the moment of field switching did not contain contributions from both field conditions, the data from such frames were discarded. To determine the magnetic field effect, eight values of mean pixel intensity within each sequence of ten points (representing measurements in the presence / absence of magnetic field, but excluding frames which may contain contributions from both conditions) were fit with a straight line. The line was extrapolated to the moment of field-switching and the step height between field on and off measurements determined by subtraction.
The value of F(0) -F(B 0 ) varied over the first few data points collected, although it was constant at longer times ( Fig. S4 a,b ). This apparent time-dependence was also observed for FAD/Trp in the absence of magnetic fields ( Fig. S4 c,d) and for FMN (which shows no magnetic field effect) in the presence of magnetic fields ( Fig. S4 e,f) . It is an artefact introduced by the initial steepness of the measured decay curves for the flavins, hence it was not observed for the photostable dye Alexa Fluor® 488 ( Fig. S4 g,h) . In order to enable as much of the data as possible to contribute to the final value, traces of mfe F versus time were fit by an exponential decay plus a straight line and the yintercept of the extrapolated straight line taken as the measured mfe F value.
Transient absorption
Transient absorption spectra were observed using custom-built equipment. A flow system was used to transfer the sample into a quartz optical cell (optical path length 4 mm) where photochemical reactions were initiated by a laser pulse. The third harmonic (λ = 355 nm) of a Nd:YAG Laser (Spectra Physics GCR-3) was used as the excitation light source. The energy of the laser was adjusted to 15 mJ per pulse. The laser pulse repetition rate was 5 Hz. A 500 W Xe lamp (Ushio UXL-500SX) was used as a probe light source. The transient absorption signal was detected by a photomultiplier tube (Hamamatsu R928) preceded by a monochromator (Jasco CT-25) and was recorded by a digital oscilloscope (LeCroy LT-344). field. Note the scale used on the Alexa measurements. Solid lines in panels (b), (d) and (f) are fits to an exponential decay plus a straight line. The extrapolation of this straight line back to the y-axis was taken to be the time-independent value of mfe F . Blue: measurements originating in a step down (from field-off to field-on), red: measurements originating in a step up (from field-on to field-off).
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